Different sensitivity of advanced cervical cancer to irradiation can decrease effectiveness of radiotherapy in some cases. We attempted to identify the differentially expressed genes in residual cervical cancer after radiotherapy that might be associated with poor prognosis and radioresistance.
Background
Cervical cancer, the second most common cancer in women, occurs around the world. It has a high incidence and mortality, especially in middle-and low-income countries. The number of cervical cancer cases is estimated to have increased by 14% from 2000 to 2005 in China [1] . Although the 5-year overall survival rate of advanced cervical cancer patients has increased with the development of radiotherapy and chemotherapy, radioresistance and metastasis are still the difficulties for radiation oncologists because tumors, even with similar pathological pattern and stage, are not equally sensitive to radiation. Some studies had shown that radiation therapy is closely related to gene susceptibility [2, 3] . Several radioresistance-associated genes such as HIF-1 and p53 had been investigated, but the exact mechanism of radioresistance is not known. Thus, identifying the molecular basis of cervical cancer radioresistance is of vital importance and may lead to novel radiosensitive strategies.
In this study, we investigate the differential expression genes in the tumor tissues before and after radiotherapy by the whole human genome oligo microarray. The expression level of the differential expression genes was performed by hierarchical clustering. We also analyzed the potential functions of the interested genes. We screened-out a list of genes that might be closely related to radioresistance and the related pathways by above methods. Our results may provide targets for the development of radiosensitive drugs and set individualized treatment for advanced cervical cancer.
Material and Methods

Patients and treatment
From January 2005 to October 2007, 135 women with cervical squamous cell carcinoma were treated with radiotherapy at the Department of Radiotherapy, Fuzhou General Hospital. Patients without integrated follow-up were excluded. A total of 130 patients had undergone whole-course radiotherapy were included in this study. Approval by the Institutional Review Board of Fu Zhou General Hospital was obtained in advance, and the informed consent requirement was waived because the current study was performed by retrospective review, but the informed consent of the other 3 patients with staged IIIB in 2012 was obtained because the data of these patients were analyzed prospectively. None of the enrolled patients had underlying disease that would influence survival.
Patients with advanced cervical cancer (stage IIB-IVA) underwent radiotherapy. The radiotherapy protocols included a 30Gy whole pelvic irradiation and a subsequent 20 Gy central shield irradiation. The total dose of intracavity irradiation to Point A was 36-48 Gy. Concurrent chemoradiation was conducted by 2 cycles of platinum-based chemotherapy in all patients. The radiotherapy protocols were performed according to the NCCN guideline (2004) . The machines were Varian600C/D medical linear accelerators.
We obtained the tumor samples prior to radiotherapy by punch biopsy. The samples were fixed in 10% formalin and embedded in paraffin. The paraffin-embedded sections were cut into 5-mm sections and processed for H+E staining, as well as histochemical and immunohistochemical studies. Residual tumor tissues of 3 patients undergoing a total 50 Gy dose of radiotherapy were also obtained by punch biopsy. One part of these tumor tissues was used for RNA detection and the other part was processed the same as in pre-radiotherapy.
The patients were followed up every 3 months in the first 2 years, every 6 months in the third year, and every year afterwards. Imageological, ultrasonic, and blood examinations were performed to observe local recurrence at every followup. International Federation of Gynecology and Obstetrics (FIGO) staging system were used to evaluate the clinical staging. The retrospective research data were obtained from hospital records.
Total RNA extraction and oligonucleotide array sequence analysis Total RNA was extracted from tumor tissues of 3 patients before radiotherapy and residual tumor tissues after a total radiotherapy dose of 50 Gy obtained by punch biopsy using TRIZOL Reagent (Cat#15596-018, Life Technologies, Carlsbad, CA, US) following the manufacturer's instructions and checked for an RIN number to inspect RNA integrity by an Agilent Bioanalyzer 2100. The integrity of all RNA samples was verified with 2100 RIN ³7.0 and 28S/18S ³0.7. Qualified total RNA was further purified by use of the RNeasy micro kit (Cat#74004, QIAGEN, GmBH, Germany) and RNase-Free DNase Set (Cat#79254, QIAGEN, GmBH, Germany).
The samples were amplified, labeled, and purified by using GeneChip 3'IVT Express Kit (Cat#901229, Affymetrix, Santa Clara, CA, USA) followed the manufacturer's instructions to obtain biotin-labeled cDNA. Array hybridization and washing was performed using GeneChip® Hybridization, Wash and Stain Kit (Cat#900720, Affymetrix, Santa Clara, CA, USA) in a Hybridization Oven 645 (Cat#00-0331-220V, Affymetrix, Santa Clara, CA, USA) and Fluidics Station 450 (Cat#00-0079, Affymetrix, Santa Clara, CA, USA) following the manufacturer's instructions. Slides were scanned by a GeneChip® Scanner 3000 (Cat#00-00212, Affymetrix, Santa Clara, CA, US) and Command Console Software 3.1 (Affymetrix, Santa Clara, CA, US) with default settings. Raw data were normalized by RMA algorithm, Gene Spring Software 11.0 (Agilent Technologies, Santa Clara, CA, US).
Quantitative real-time PCR
To validate the results of microarray data, real-time PCR was performed. Six genes were used as an internal control: CXCL12, CD74, FGF7, COL14A1, PRC1, and RAD54L. Primer sequences used for real-time PCR are shown in Table 1 .
PCR was performed as follows: 95°C for 5 min; 40 cycles of 95°C for 30 s, annealing temperature 56-58°C for 90 s, and 72°C for 60 s. The PCR products were separated on a 2% agarose gel, visualized with ethidium bromide staining, and photographed with FAS-III Series (NIPPON Genetics Co., Ltd., Tokyo, Japan). We used the MiniOpticon Real-Time PCR Detection System (BioRad, Hercules, CA) for real-time PCR. Relative quantification of PCR products was calculated after normalization to b-actin.
Histochemical and immunohistochemical analyses
Xylene was used to deparaffinize the tissue blocks sections. The sections were then rehydrated in a descending ethanol series. Finally, they were rinsed with water and incubated for 30 min in 0.3% hydrogen peroxide in methanol. The serial sections were incubated with primary anti-CXCL12 in a humid chamber at 4°C overnight. They were then rinsed in PBS, and incubated for 1 h with a horseradish peroxidase-conjugated secondary antibody.
Immunohistologic expression was assessed by 2 expert pathologists independently without knowledge of clinical outcome. The positive cell degree was expressed using a scale from 0 to 4: (-) represents 0%; (+) represents 1-25%; (++) represents 26-50%; (+++) represents 51-75%, and (++++) represents 76-100%.
We conducted survival analysis on 130 patients. The length of time from the date of radiotherapy ending to the date of death or the last follow-up was defined as the overall survival (OS) time.
Statistical analyses SPSS 18.0 for windows were performed. Survival was estimated using the Kaplan-Meier method. We used the log-rank test to analyze the factors of survival time for any significant differences. Predictors of clinical radioresistance were identified by logistic regression analysis. Cox's regression analysis was used to calculate the prognostic significance of individual parameters. The c 2 test and Fisher's exact test were used to evaluate differences in proportions. When the P value was below 0.05, the difference was considered to be significant.
Results
Patients' characteristics
The characteristics of 130 patients are listed in Table 2 . The mean patient age was 53.7, ranging from 35 to 78. The median follow-up time in surviving patients was 68 months. 
Gene expression analysis and clustering
Microarray quality control verified the expression of all the samples to be qualified (Table 3) . The differential expression genes were identified by hierarchical clustering map analysis ( Figure 1 ). There were 111 up-regulated and 127 down-regulated genes among a total of 238 differentiated genes that exhibited ³3.0-fold change and p<0.05 were identified with 111 up-regulated and 127 down-regulated (Tables 4, 5 ).
Quantitative RT-PCR validate the gene expression results
As shown in Figure 2 , Tables 1 and 6 highly differentially expressed genes -CXCL12, CD74, FGF7, COL14A1, PRC1, and RAD54L -were selected to verify the microarray results. These results were highly correlated with the microarray data. The above data strongly supported the reliability of the microarray results.
Validation of protein expression and analysis of the relationship between CXCL12 expression and survival rate
We detected the expression of CXCL12 protein with immunohistochemistry on 130 paraffin-embedded samples. The gene expression results were confirmed at the protein level. Immunolocalization with anti-CXCL12 antibody largely showed positive staining in the cell membrane and cytoplasm of cancer cells (Figure 3) . The CXCL12 positive cell ratio was 61.5%. No correlation was found between the expression of CXCL12 and several clinicopathological factors, including age, sex, FIGO stage, tumor size, and treatment program (Table 6 ). We found that CXCL12 was an independent risk factor by KaplanMeier survival analysis. CXCL12 was strongly correlated with a poor prognosis. The death risk ratio of patients with positive CXCL12 expression to negative expression is 3.07. There was a significant difference between the groups (p=0.035) ( Figure 4 , Table 7 ).
Expression of CXCL12 in tumor tissues before radiotherapy and residual tumor tissues after a radiotherapy dose of 50 Gy RNA was extracted from tumor tissues of 5 patients with stage IIIB cervical cancer before radiotherapy and after a radiotherapy dose of 50 Gy. The expression of CXCL12 was detected. As shown in Figure 5 , the increasing mRNA expression of CXCL12 occurred in residual tissues with the ratio of 35.3.
Discussion
Radiation therapy is an effective radical approach for advanced cervical cancer; however, not every patient has good response to irradiation, which might be an important cause 
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License before and after radiotherapy. In this study, we revealed 127 highly differentially expressed genes involved in processes such as cell cycling, cell apoptosis, cell signaling, and cell adhesion. The changed expression genes of residual tumor tissues-derived may mean high metastasis and radioresistance in cervical cancer.
The chemokine family is among the significantly differentially expressed genes that participate in tumor growth and metastasis [4] . CXCL12, a member of a superfamily of small pro-inflammatory chemoattractant cytokines, was first cloned from a bone marrow-derived stromal cell line. Several studies have shown that CXCL12 expression was correlated with poor prognosis in various cancers such as breast cancer, lung cancer, colorectal cancer, and endometrial cancer [5] [6] [7] . DNA-damaging agents such as irradiation or chemotherapeutics could increase CXCL12 expression. Wolff et al. found that the CXCL12 expression had significant alternations in head and neck squamous cell carcinoma cell lines after X-ray irradiation [8] . Shu-Chi Wang et al. [9] found that a significant increase in CXCL12 expression occurred at 24 h after irradiation in murine astrocytoma tumor cell lines and also found that radiotherapy could CCRT -concurrent chemoradiation.
increase the microvascular density (MVD) and the CXCL12 expression of shrunken brain tumor tissues after a dose of 8 Gy or 15 Gy. They thought these results indicated that local brain irradiation effectively reduced the growth rate of the primary tumor, but promoted tumor invasiveness. These factors might increase the complexity of gliomas following radiation therapy. Similar to their results, we also found that the expression of CXCL12 increased significantly in residual tumor tissues after an irradiation dose of 50 Gy. We found that CXCL12 was an independent risk factor by a Kaplan-Meier survival analysis. CXCL12 was strongly correlated with a poor prognosis. In our opinion, the mechanism of CXCL12 in radioresistance might be as follows: CXCL12 might be a bidirectional cue that attracted T cells at low concentrations and repelled them at high concentrations [10] . When a dose of irradiation increased the expression of CXCL12, this chemotactic factor might repel the T cells, inducing the tumor invasion; at the same time, the increased expression of CXCL12 induced the tumor angiogenesis. Alternatively, irradiation could increase the expression of HIF-1a, which is highly expressed in hypoxia. The CXCL12 promoter contains 2 HIF-1a binding sites, thus increasing the expression of HIF-1a results in the elevation of CXCL12 levels. Hypoxia can induce the dedifferentiation and stemness of cancer cells [11] . CXCL12 has the ability to mediate the survival and proliferation of human progenitor cells. Thus, we though that CXCL12 might mediate the homing of cancer stem cells with the characteristics of radioresistance.
CXCR4, expressed by several cells, is believed as the specific chemokine receptor of CXCL12. The CXCL12/CXCR4 axis plays an important role in tumor growth, metastasis, and angiogenesis. Recently, CXCR7 had also been demonstrated to be another receptor for CXCL12 and to predict poor disease-free and disease-specific survival in cervical cancer patients [12] . Thus, there were questions about whether CXCL12 played roles in radioresistance by binding CXCR4 or CXCR7 or both. Another question concerns the signal pathway. In future research we expect to address these questions. Interestingly, we did not find differential expression of CXCR4 or CXCR7 between the tumor tissues before and after radiotherapy, perhaps because irradiation could increase the expression of CXCL12 rather than the expression of its receptors, CXCR4 or CXCR7. Another possibility might be that there was no significant statistical difference between the expression of CXCR4 or CXCR7 before and after radiotherapy.
ATM, firstly described in 1995, was defective in patients with ataxia-telangiectasia. This disease is characterized by cancer susceptibility and profound sensitivity to ionizing radiation [13] . ATM, a central kinase involved in the cellular response to DNA double-strand breaks that can lead to the cancer development, could arise when the cells are exposed to ionizing radiation. ATM could regulate DNA damage-induced G2/M cell cycle arrest, which is necessary for DNA repair after irradiation. As this hypersensitivity of ATM-defective cells to ionizing radiation, ATM has drawn research attention as a therapeutic factor for cancer therapy. Several inhibitors of ATM with different limitations have been reported. KU-60019, an ATP-competitive ATM inhibitor reported by Golding et al. [14] in 2009, possessed greater potency as a radiosensitizer. They also reported that this ATM inhibitor alone was not toxic for normal brain tissues outside the radiation field. KU-59403, another ATM inhibitor reported by Batey et al. in 2013, also possessed potency as a radiosensitizer and exhibited greater solubility and bio-availability than KU-60019 [15] . Although they have significant potency as radiosensitizers, none of these ATM inhibitors are in clinical development at present. In this study, an up-regulated ATM was observed in the residual tumor tissues after radiotherapy. We thought that the increased expression of the ATM gene might play a radioresistant role in advanced cervical cancer.
Proteinases, which are secreted molecules, could degrade various components of the extracellular matrix. Matrix metalloproteinases (MMPs), a kind of proteinase, play an important role in tumor invasion and metastasis via their proteolytic activity. Several studies have shown that irradiation could alter the proteinase activity in tumor cells and tissues [16, 17] . MMP-2 belongs to MMPs, which takes part in extracellular matrix degradation. Up-regulations of MMP-2 in different irradiation conditions have been found in glioblastoma, as well as in colorectal and lung cancer, which leads to enhanced cell invasion [18] [19] [20] . Park et al. [21] found that MMP-2, enhanced by irradiation, was involved in irradiation-induced invasion of glioma cells. Chetty et al. [22] also showed that irradiation could increase MMP-2 protein expression and activity in lung cancer cells and that inhibition of MMP-2 could enhance the radiosensitivity. In their study, down-regulation of MMP-2 in the irradiated cells prevented the induction of the FOXM1-mediated DNA repair gene. An up-regulation of MMP-2 was also found in residual cervical cancer tissues after a dose of irradiation in this study. Thus, our results suggested that combined-therapy of MMP-2 inhibitors and irradiation might provide a more effective treatment for advanced cervical cancer.
Path analysis identified some signal pathways in response to irradiation, including cell growth and death, differentiation, cells adhesion and extracellular matrix, Wnt-signaling pathway, TGF-beta signaling pathway, and other signaling pathways that play important roles in tumorigenesis, progression, and invasion. However, the mechanisms of these genes in radiotherapy of advanced cervical cancer still need much clarification.
Conclusions
In this study, we identified dozens of genetic changes in advanced cervical cancer tissues after a dose of irradiation; some of them might be responsible for enhanced metastasis and radioresistance. We found 111 up-regulated genes and 127 down-regulated genes. In future research we plan to validate the functionality of these identified genes. Further research might provide a theoretical basis to develop more effective approaches to improve the radiosensitivity of advanced cervical cancer.
